ABSTRACT The replication terminus of the plasmid R6K has been cloned into the single-stranded DNA phage vector M13mpS and also into the plasmid vectors pBR313 and pBR322. By using single-stranded DNA templates prepared from the recombinant DNA clones, the sequence of 215 base pairs of DNA containing the replication terminus has been determined. The DNA sequence of the region ofthe terminus does not contain any 2-fold rotational symmetry. Therefore, folding of the DNA at the region of the terminus is unlikely to be a cause -for replication termination. Interaction of a host-specified protein(s) with the sequence of the replication terminus is probably the basis of the mechanism of replication termination.
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In spite of extensive work, the molecular mechanism of termination of DNA replication still remains unclear. In efforts to elucidate the mechanism of termination of replication, analysis of the DNA sequences involved in replication termination and identification of proteins that interact with the replication terminus are of utmost importance.
The drug-resistance factor R6K which carries genes for ampicillin and streptomycin resistance (1) is a model system for this study because its replication is asymmetrically bidirectional. The asymmetry in the bidirectional replication is manifested in the confluence of the two moving forks of the replicating chromosome at a point that is not located at 1800 from the replication origins (2, 3) . The asymmetrically bidirectional replication strongly suggested the existence of a genetically determined terminus of replication.
In this paper we report the cloning ofthe replication terminus into the vector M13mp5, its precise localization in a 215-basepair DNA fragment, and analysis of its nucleotide sequence. The nucleotide sequence of the replication terminus suggests a mechanism of termination that probably involves interaction of the terminus sequence of the plasmid with one or more proteins specified by the host genome.
MATERIAL AND METHODS
Bacterial, Plasmid, and phage Strains. The bacterial strain JC411 thy-was obtained from D. Helinski and the strain 71-18, from J. Messing (4) . The plasmid vectors pBR313 and pBR322 (5) were obtained from H. Boyer through R. Curtiss III. The single-stranded DNA phage vector M13mp5, which contains a single HindIII site was a gift from J. Messing. Chemicals, Enzymes, and Labeled Precursors. dNTPs (Sigma), dideoxynucleotide triphosphates (P-L Biochemicals),
[a-32P]dATP (100-300 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels; ICN), 5-bromo-4-chloroindolyl /3-galactoside (Sigma) and isopropyl 13-thiogalactoside; (Sigma) were obtained as indicated.
The restriction enzymes HindIII (6), Hpa II (7), Alu 1 (8) , Hinf (9), Hae III and Hae 11 (10) , and Hha (11) were purified according to published procedures. DNA polymerase I holoenzyme and the Klenow fragment of Escherichia coli were purchased from Boehringer Mannheim. Exonuclease III and BamHI were purchased from New England BioLabs. T4 ligase was purified as described by Weiss (12) .
Molecular Cloning. These experiments were conducted under the P1 level of containment. The fragment H2 which contains the replication terminus was cloned into double-stranded M13mp5 DNA as described by Messing (4) . The recombinant phage is called Ml3mp5H2.
Preparation of DNA for Sequence Determination, by the Exonuclease Method. Supercoiled RNA-free plasmid DNA was prepared by two cycles of dye/CsCl gradient centrifugation. The DNA was extracted with isopropanol, dialyzed, phenol extracted, and centrifuged in a 15-50% sucrose gradient as described (13) . Supercoiled plasmid DNA (5 ,g) was digested with BamH to completion in a total volume of 20 Ml. Then, 3 Ml of 10-fold concentrated exonuclease buffer (10 mM MgCIJ100 mM dithiothreitol/700 mM Tris, pH 7.5) was added followed by 5 units of exonuclease III, and the mixture was digested in sealed capillaries for 204 hr at 37°C (14) . The digestions were terminated by heating to 68°C for 10 min. Digestion with T7 exonuclease was performed similarly except that 10 units of the exonuclease was used for 2 hr in a total reaction volume of 40
Ml.
Single-Stranded M13 DNA. M13 phage from the supernatant of infected cultures were precipitated with 4% polyethylene glycol and purified in a CsCl gradient. Single-stranded phage DNA was purified by phenol extraction as described by Messing (4 The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. primer was also digested with exonuclease III as described above.
Computer Analysis of the Sequence Data. The DNA sequence data were analyzed by using a slight modification of the program published by 'Staden (17, 18) .
Electron Microscopy ofReplication Intermediates. Cultures of E. coli containing recombinant plasmid clones were grown in minimal essential medium to a cell density of 2 x 108 ml. Chloramphenicol was added to 170 ,ug/ml and the cultures were aerated for 5 hr at 370C. Replication was stopped by adding 10 mM KCN/10 mM Tris/1 mM EDTA, pH 8.00 and rapidly cooling the culture to 00C. The cultures were pelleted and the plasmid DNA was .purified as described by Bastia (13) . Replicating intermediates were purified by ethidium bromide/CsCl equilibrium centrifugations (2) , linearized by digestion with EcoRI in 66 mM Tris/6 mM 2-mercaptoethanoV/O mM MgCl2/ 200 mM NaCl. The DNA samples were prepared for electron microscopy as described by Bastia et al. (19) .
RESULTS
Localization of the Replication Terminus. Experiments to be reported elsewhere had localized the replication terminus of R6K to a 2014-base-pair DNA fragment. The localization was based on electron microscopy. of replication intermediates and isolation of open circular replication intermediates of mini R6K plasmids containing a discontinuity of both the plus and minus strands of newly replicated DNA. Upon filling the gaps with [a-32P~dNTPs and E. coli DNA polymerase I, restriction enzyme cleavage, gel electrophoresis, and autoradiography ofthe gels revealed that the gap was located in a cluster ofrestriction fragment in the region of the replication terminus.
We attempted to localize the replication terminus more precisely within the 2014-base-pair fragment by subeloning various subfragments of the region. The order of Alu I-generated subfragments of the 2014-base-pair terminus region is shown in Fig. 1 Top. The fragments (Alu673, Alu215, Alul7O, etc.) were cloned into the Pvu II site of the vector pBR322 by using the blunt-end joining activity of T4 DNA ligase.
Cultures of the subclones were grown separately, and replication intermediates from each subclone were purified by equilibrium centrifugation in dye/CsCl gradients, linearized by digestion with EcoRI, and prepared for electron microscopy. A random sample of replication intermediates was photographed, traced, and plotted in increasing order of replication.
Arrays ofreplication intermediates ofthree representative subclones are shown in Fig. 1 (Fig. 1 Middle) .
This electron microscope analysis unambiguously localized the replication terminus sequence in the 215-base-pair Alu I fragment marked ter in Fig. 1 Top).
Strategies for DNA Sequence Analysis. We applied the chain termination method (17) of DNA sequence analysis to the 2014-base-pair region of DNA about the replication terminus of R6K. One essential prerequisite for this method is the availability of single-stranded DNA templates. We obtained singlestranded DNA templates by two procedures: (i) cloning and replication terminus into M13mp5, the single-stranded DNA phage vector (4) , and (ii) digestion of linear pWL2 (a recombinant clone containing the replication terminus of R6K cloned into the HindIII site of the plasmid.pBR313) DNA with either exonuclease III (6) or the gene 6-specified exonuclease ofphage T7 (12) .
Curiously, cloning into the M13mp5 vector always yielded the insertion of the replication terminus into the vector DNA in only one orientation. Therefore, only one of the two strands of the replication terminus region could be obtained by this procedure. Barnes (20) has described the use of M 13 clones for analysis of nucleotide sequence by the dideoxy method (17) . Although the M13 terminus clones yielded-minicircles of various sizes, sequence analysis demonstrated that the deletions were always outside the region of the replication terminus.
We obtained confirmatory sequence data by digesting the plasmid pWL2 with BamHI (Fig. 2) and separately digesting the linear double-stranded DNA with either exonuclease III or the gene 6 exonuclease of 17 (21) . The best results were obtained by using single-stranded tails generated by T7 exonuclease as the template in the sequence reactions. The exonuclease III-generated templates sometimes yielded sequence gels with extra bands, presumably because some commercial samples of exonuclease III were contaminated with trace amounts of endonuclease.
A representative autoradiogram of a DNA sequence gel is shown in Fig. 3 .
The sequence of the 215-base-pair region about the replication terminus is shown in Fig. 4 Fig. 4 by revealing the molecular anatomy of a sequence specific replication terminus.
The sequence-specific replication terminus of the plasmid .R6K was.unambiguously localized, by subeloning and electron microscopy, to the 215-base-pair Alu I fragment. Electron microscope analysis of recombinant DNA clones containing the 215-base-pair terminus sequence revealed that the terminus functions by transiently arresting the progression of a replication fork at or near the terminus sequence.
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